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ANNOUNCEMENT

* The Department of Defense has established a pol-
icy which will require the Shock and Vibration Infor-
mation Center to make a charge for its publications
ard services. Pending a determination of prices, and
methods of ordering and delivering the Center's pub-
lications, the 39th Bulletin is being distributed without
charge as in the past. When costs and procedures
have been determined, all addressees who have been
receiving the Bulletin will be advised so that they may
make arrangements to purchase future issues,
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ELECTRICAL GENERATION OF MOTION IN ELASTOMERS

S. Edelman, S. C, Roth, and L. R. Grisham
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Washington, D. C.

response in their original condition.

increased the linear response.

ABSTRACT

Motion occurring in response to an applied electrical signal was studied in a
number of elastomers. Motion at double the exciting frequency (electrostriction)
was common., Linear response was found in a few materials, A few showed linear
Treatment with heat and intense electric
fields caused linear response to appear or to increase in others. Superposition
of a d.c. bias on the driving s'ynal linearized the double frequency response ~nd

KEY WORDS: Elastomers, polymers, electrets, piezoelectricity, electrically con-
trolled damping, vibration generation, electiastrictioun,

INTRODUCTION

This is a preliminary report on a new in-
vestigation in the Instrumentation Applications
Section of the National Bureau of Standards.
The purpose of thie investigation is to study
those effects of electrical signals on the
mechanical properties of elastomers which could
lead to engineering applications.

The purpose of this paper is *u call atten-
tion to the potential usefulness of this field
of study. Accordingly, we emphasize results
which seem promising for future improvement and
application. In our view, the important finding
of the exploratory study is the fact that some
samples could be excited into significant motion
electrically and that the response of some of
them could be imprnved by treatment and elec-
trical bias. It is less important that the
magnitudes of the effects observed were in most
cases insignificant or ambiguous,

The fact thst this is an exploratory study
is also responsible for the gqualitative nature
of the discussion. The equipment and techniques
were chosen to allow A rapid but shallow survey.
In this light, too much reliance should not be
put on the numerical data in Table I, The
measurements were reasonably stable when made
but significant changes followed smzil changes
in operating conditions.

BACKGROUND
This jnvestigation was suggested by experi-

ence during development of a set of piezo-
electric shakers for calibrating vibration

pickups over a wide frequency range.! 1In this
development, it was found possible to extend the
working range of a piezoelectric shaker by using
damping materials selectively to reduce the
sharpness of particular resonances., At fre-
quencies below 50 kHz, butyl rubber was used for
damping. At higher frequencies piezoelectric
ceramics were found to be more suitzble, In
addition to the inherent lossiness of the ceram-
ics, it was found that their usefulness as
damping material could be enhanced by exploit-
ing thzir piezoelectric properties. This was
done by connecting the electrodes through suit-
able impedances or by applying a portion of the
driving signal through a suitable phasing
circuit,

This develojment suggested that similar
benefits might result at low frequencies from
the use of damping material with piezoelectric
properties, While rubber-like materials usually
are not considered piezoelectric, there are some
indications in the literature that long-chain
polymers can have piezoelectric-like behavior.
These are summarized by Guttmann,? Johnson,? and
Cady.* However, the work discussed in these
references is concerned with d.c. effects and
with the direct piezoelectric effect. Consider-
ing the small magnitudes involved end the fact
that pressure applied to two charged surfaces
will g=nerate some voltage no matter what the
intorvening material, we thought it safer to
restrict our study to vibration resulting from
application of alternating voltages.

The technical literature contains a number
of references to studies of the properties of
polymers using alternating voltages.® However,
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it is difficult to use this material to deter-
mine the suitability of a material for an engine-
ering application or to determine th: effective-
ness of bias and treatment ir improving the
activity of available materials.

PREPARATION OF SPECIMENS

Procedures used to prevare materials for
test follcwed those used to prepare electrets.
As a heuristic device we assumed that the mate-
rial contained electrical dipoles. We attempted
to align these to some extent by reducing the
viscosity of the material, applying as intense
a constant electric field as the material would
support without arcing, and allowing the mate-
rial to solidify under the field.

The first specimens were prepared by evap-
orating a volatile solvent from a solution of
the material while the field was applied. This
seemed to show some promise but it was a slow
process and required leaving an intense field on
the specimen oveinight while the laboratory was
unattended. After a number of near accidents
and a fire we abandoned the use of volatile sol-
vents and simply heated solid materials. Some
of the materials could be completely or nearly
liquified and some were only heated and allowed
to cuol under the field. Heat was applied with
an electrical hot plate at first, Later, speci-
mens were heated in a furnace. Figure 1 shows
the configuration used to apply the field while
the specimen was on the hot plate and Figure 2
shows the corresponding setup used in the
furnace. The samples were h=ated as near as

- _

I S i e s Wi S

METAL ELECTRODES

DASHED LINE INDICATES HEATED SPACE.

Figure 1: Sample with applied electric field heated on hot plate
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possible to the melting point without causing
perceptible changes in composition, discolora-
tion, bubbles, change in trauslucence, etc.

The electric fizld across the samples was
maintained just below the magnitude at which
arcing occurred. Usually, the field could be
increased as the material coolcd, often reaching
the 30,000 V limit of the power supply by the
time the sample had cooled to about 30°C, the
usual point at which the treatment ended.

All of the test elements consisted of
disks cut from the sheets of material by suvit-
able tools. Cork borers were used for soft
materials, hole cutters in a drill press for

most hard plastics, and a brass cylinder with

carborundum powder for glass and a few very
hard plastics.

Each test clement was made of two disks put
together so that the adjacent faces in the test
assembly had been oriented similarly before the
disks were cut from the treated samples., The
outer faces were both connected to ground and
the test signal was applied between ground and
the common face in the center. With this orien-
tation and conrection, the grounded outer elec-
trodes provided some shielding while both disks
responded similarly to the applied signal. A
typical test element is shown in Figure 3.

CONDUCTIVE SILVER

» PAINT ELECTRODE

SILVER PAINT & N

USED TO JOINT 222

THIN COPPER WIRE
(sHiELDED)

PLUGS m

Figure 3: Test element construction

TESTS

The circuit used for testing is shown
schematically in Figure 4. Three different
oscillators were used, in some cases with an
external transformer to match the input imped-
ance of the test element. The voltage applied
to the specimen varied in Jifferent cases but
all of the results presented in rable I are
normalized for an input of 400 V. Within the
sensitivity of our meacurements for these cases,
the activity was linear with applied signal.

The voltage divider reduced the trace showing
the driving signal to manageable levels and the
capacitor allowed a d.c. bias to be applied to
the test element without affecting the a.c. por-
tion of the circuit. The d.c. power supply was
also used to provide the field in preparing the
material. The accelerometer was a piezoelectric
type with a sensitivity of about S0 mV/g at the
frequencies reported in Table I. The accelerom-
eter signal was measured at the oscilloscope.

The sensitivity of its beam was usually set at

200 uV per cm.

Dvol Beam
Oscilloscope

Figure 4: Circuit used for testing
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Figure 5: Triangular test fixture
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Figure 6: Test element in triangular fixture

A number of arrangements of the test element
were used but only two contributed enough to be
worth reporting. The first used a triangular
fixture shown in Figure S. Three test elements
were used, one in each of the legs separating

two plastic triangles. Figure 6 shows the ar-
rangement of a test element in one of the plastic
legs. Figure 7 shows the lower of the two tri-
angular plates and Figure 8 shows a complete
assembly with an accelerometer in place.




T el e el TR it

ey

At

St

v

B

TR DR

JI—

lonly one of thres legs shown)

t Fak o

~

Shallow

Qrooves 1 contain
the rubber bands which hold
togethe

the two plates
i use

"

Note Upper triongle plate is identicat but doss not cantain the copper
tubulor shisld

Figure 7: Lower plate of triangular fixture

Triangle assembly with test element in place

Copper tube
wwrounding legs
hos 3Bt cut for

The plastic legs are cemented 1o the plastic iriangles

Figure 8: Triangular fixture assembled

Only one of the experiments performed on
the triangular fixture is reported here. With
the lower triangle Clamped to a heavy steel
block, the system was driven at a resonance by
a loudspeaker. The signal from the accelerom-
eter on the upper triangle was displayed on the
oscilloscope. The signal disappeared if the
upper triangle was clamped, ensuring that the
signal was not due to microphonic action in the
accelerometer. A signal from another oscillator
tuned nearly to the frequency of the speaker
was applied to the test elements in the legs of
the fixture, After adjustment of the ampli-

tudes of the two signals, the oscilloscope trace
showed the typical pattern of a modulated sine
wave with an envelope at the beat freauency.
Adjusting the frequencies of the two signals
nearly to coincidence gave a slow be.t with

long periods when the signal was essentially
nulled, It seemed likely that if some of the
speaker signal could have been applied to the
test elements in the proper phase, the motion

of the upper plate could have been stopped.

Unfortunately, a suitable phase shifter was not
available,

R
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SINGLE STACK TEST ASSEMBLY

Rubber
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Accelerometer

Plastic pug with countersunk conter hole
topped for 10-32 lug from accelerometar
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|
|

Assombly hald 10 stoal Dlock by rubber bands
Plastic plug cemented fo test elemant

Figure 9: Plastic plug test fixture

Figure 10: Plastic plug test fixture

The fixture used for the measurements re-
ported in Table I is pictured in Figure 9 and
shown schematically in Figure 10. This arrange-
ment was found to be simple and rapid to set up,
free of electrical pickup, and quite satisfac-
tory for the kind of survey we conducted.

MEASUREMENTS

The measurement procedure consisted of

connecting the test element in the circuit
shown in Figure 4, setting the d.c. bias for
those cases when it was used, setting the amp-
litude of the a.c, signal across the test ele-
ment, sweeping the oscillator through the fre-
quency Ttange from i0 to 10k Hz, stopping at
frequencies where the accelerometer signal
peaked, and recording frequency and amplitude.
The frequencies at which the accelerometer
signal peaked appeared to be resonances of the
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structure consisting of the sample, the plastic
plug, and the accelerometer. Some interesting
results were found at frequencies above 10 kHz
but they are not reported here because of un-
certainty about the sensitivity of the accel-
erometer and the high frequency behavior of the
mount and the electronic equipment, 1t seems
likely that the use of proper ecuipment will
yield useful information at high frequencies.

Our early optimism about the benefits of
the heat and electric field treatment used in
preparing the material was shaken when we found
that in many cases, untreated material responded
to the signal as well as treated samples. This
discovery led to testing similar elements of
treated and untreated samples of the same mate-
rial, 1In many cases the treatment had little or
no effect., However, as shown in Table 1, there
were a number of cases in which the treatment
did have a beneficial effect. The effect of
the d.c. bias was also beneficial. As well as
we could measuce, the activity increased
linearly with bias and added linearly to the
effect present without bias. For the measure-
ments in Table 1 each material was tested four
times, an untreated sample with and without bias
and a treated sample, with and without bias.

Only peak signals with good wave shape were
recorded. 1n many rases a poor signal was
eauscd by disturtion in the deiving signal.

This was obviously the case when a distorted
signol was found at a subharmonic of u strong
resonance. All such cases, from a small pertur-
bation of the sinusoidal accelerometer signal to
apparent responses at several times the driving
frequency, were eliminated.

Another kind of unwanted response was
caused by electrostriction.® This can be
thought of as due to the attruction between
unlike charges on opposite faces of the material
and thus occurs twice in each cycle of the driv-
ing signal, When this effect occurs alone it
can be distinguished from distortion, since the
double frequency effect diminishes with the use
of d.c. bias and disappears when the bias equals
the driving amplitude. In a number of cases the
material seemed to respond at both the driving
frequency and double that frequency when there
was no harmonic distortion. Thesc cases are not
reported but will be investigated further.

1n addition to good wave shape at the
driving frequency, the responses included in the
table had to meet two other criteria, The accel-
erometer had no output when there was no mechan-
ical connectior with the sample when it was
driven at the frequency of peak response and a
signal did appear when the accelerometer touched
the sample, with the electrical connections re-
maining unchanged. There was a phase shift be-
tween the accelerometer signal and the oscillator
signal as the frequency was swept through the
resonance.

The matcrial designations in Table 1 are
broad and intended only to separate the samples.

We used materials available in the NBS storeroom
which the literature on electrets indicated
might respond favorably. Accurate designation,
based on formulation and measurement of physical
ard electrical properties would be out of place
for this preliminary survey. The dimensions are
nominal, Some of the treated samples warped and
were machined flat., The kind of preparation
applied to the trested samples is summarized in
Table 11. The d.c. bias applied to the samples
was chosen for convenience since its effect was
linear. The frequencies were read on an elec-
tronic counter. The measured values seemed
stable and reproducible, The values of activity
are nominally related to the acceleration gene-
rated by a 400 V input signal, However, we
consider it better to treat them as figures of
merit by which different samples can be compared.

CONCLUS10NS

Detailed results, summarized in Table 1,
are the measurements which remain after all
doubtful cases have been eliminated. We are
reasonably confident that the deductions to be
obtained from intercomparison of the activities
shown by the varicus samples is qualitatively
correct. Unce “tainty about the quantitative
results arise, .com the mathematical manipulation
in normalizing, from the lack of definite ident-
ification of the materials, from the variation
in the heat and electric ficld applicd to the
samples during preparation, and from the changes
in tochniques and instrumentation which secutred
as the tests progressed.

In spite of these uncertainties, the results
in the table do allow some definite conclusions
to be drawn.

1. Some elastomers have a linear mechanical
response to an electrical signal.

2. In all the cases listed the response
was accentuated by the use of a d.c. hias.

3. In the cases of flourocarbon and poly-
st¥rene, the treatment with heat and high voltage
left a residunl effect which had not been found
in the untreated material. In the cases of
polymeric amide and phenolic resins the treatment

_.enhanced the response.

4, The response varies greatly in different
materials so that proper choice or special formu-
lation may lead to improved response.

In most cases the same samples showed re-
sponses at frequencies other than those listed
and samples of the sare materials with different
dimensiors had a different pattern of response.
However, the results shown in the table are
typical of a large number of the measurements,

The results obtained with glass deserve
special mention. They are not included in the
table because only response at double the
driving frequency was found and because glass is
not an elastomer. It was tested because some

g
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TABLE 1

Motion Gencrated at Selected Resonances

Frequency
. Dimensions Condition of .
Hakesaan Diam. Thickness Preparation Bias Resonance ACt:VIty
Volts Hz
Flourocarbon 3/4" 1/16" None None None = e----
None 3150 None = -----
Trezted None 4141 1.3
Treated 3150 4433 4.0
H Polymeric 3/4" 1/8" None None 2431 0.16
Amide None 3150 2216 3.0
: None 3150 2383 2.9
£ Treated None 4632 0.67
: Treated 3150 4416 5.0
; Polystyrene 5/8" 3/32" None Mone None * = ~----
i None 2100 None  a--a-
H Treated None 3343 0.32
H Treated 2100 3297 1.1
H
é Filled 3/4n 1/8" None None 6315 0.32
H Phenolic None 3150 6052 2.8
§ Resin Treated None 4660 4.0
Treated 3150 4670 14,7
; Epoxy 3/4" 1/8" None None 3681 0.24
Resin None 3150 3568 0.90
Treated None 3176 0.36
Treated None 4963 0.25
Treated 3150 3173 1.2
Treated 3150 5250 0.99
Natural 5/8" 3/32" None None None @ = ---ae
Rubber None 2100 537 3.1
Treated None 290 0.58
Treated 2100 553 2.42
*Arbitrary Units
TABLE 11
Treatment of Samples
During Heating During Cooling
f \ q Time Time
Matarial Temperature °C  Volts Hours Volts . Hours
Flourocarbon 80-150 15000 25 15-16000 18
Polymeric Amide Low Heat on
Hot Plate 4-6000 1/2 63-18000 --
Polystyrene 100 15000 6 15000 16
Filled
: Phenolic (Treated) Low Heat 6000 1 28000 --
5 (Twice) Medium 5000 2 1/2 16000 .-
Epoxy No Heat Applied ---- --- 1200-30000 6 1/2
Natural
Rubber Low Heat 9000 1/2 9000-29000  --
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disks were available, having been made for face
plates on the test elements to provide better
inechanical coupling. However, the respons: of
glass was larger than any of those in the table
by a factor of nearly 20 and the use of d.c.
bias increased it and converted it to a linear
response. Similar but smaller results were
found with acrylic resin and butyl rubber.

Promising avenues for future development
appear to be development of more effective
methods of treating materials and developing a
systematic means for finding more active mate-
rial. A better urderstanding of the mechanism
of response to electrical signals on a molecular
level is basic to both developments. Even with-
out such knowledge, variations of the methods
of treatment we used could be tried as well as
others that have been suggested. We expect
favorable results from more experimentation with
epoxies, polyesters, and other resins which
solidify from a liquid during polymerization.
The epoxy entry in Table 1 is not particularly
impressive but others eliminated by our rigid
criteria for inclusion in the table were more
promising. Development of 4 rational method
for finding more responsive materials guided by
properties such as dielectric constant, elastic
moduli, and density and by composition and
molecular structure can be expected to be fruit-
ful. Eventually such a search might lead to
special formulation of materials,

The principal conclusion of this paper is
that further investigation of the mechanical
response of elastowers to electrical stimulus
should be pursued.
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DISCUSSION

Mr, Mrylor (Defence Research Est., Suf-
field, Alberta, Canada): Did you try carnauba
wax? This has been used as an electret.

Mr. Edelman: No, we did not. Our treat-
ment is obviously inspired by the kind of treat-
ment that is used to create electrets. We were

looking for a rubbery material. This project
started with a real practical need, and carnauba
wax would not be suitable. People have reported
a dc piezo-electric effect in wax and others
have said they could not find it. But we did not
try it.
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CONTROLLED DLCELERATION SPECIMEN PROTECTION SYSTEMS
FOR ELECTRODYNAMIC VIBRATION SYSTEMS

Lawrence L. Cook, Jr.
NASA, Goddard Space Flight Center
Greenbelt, Maryland

circuits the armature.

Electrodynamic vibration systems are usually equipped with
a means of terminating a test very rapidly in case of an
operator error, equipment malfunction, or a power outage. The
device used.to implement this protection is known as an armature
protector or an amplitude protecter.,
discharges the energy stored in the power amplifier and short-
It's function is to protect the shaker
moving element or armature by preventing it from hitting the
mechanical stops; however, it was not designed to protect the

The armature protector

test specimen. In fact, when the protector is initiated, the
specimen is subjected to possible damage due to the high
decaleration levels generated when the armature is suddenly
stopped. In order to prevent specimen damage, additional
protection devices were needed.

Accordingly, two Controlled Deceleration Specimer Protection
Systems were developed to Goddard Space Flight Center specifica-
tions by two different manufacturers. The object of this paper
is to describe these two systems and show typical response data
during their operation. These specimen protection systems were

specimen safety limits.

armature.

or below & selected level.

designed to limit the high deceleration level consistent with

The method used to effect controlled deceleration is to
automatically insert a variable damping resistance across the
In practice, fixed parallel resistances are inserted
in the armature circuit in the proper sequence so that the
total armature resistance decreases incrementally with time.
Thus, the resistance of the armature path is continuously
decreased as needed in order to maintain the deceleration at

A test program was conducted to evaluate both Controlled
Deceleration Specimen Protection Systems.
block diagrams, and time histories of the decelerations due to
dynamic braking are included in the paper.

The test results,

INTRODUCTION

One of the most undesirable
occurrences in the field of vibration
testing, when operating an electro-
dynamic exciter, is a shutdown due
to the firing of an armature protector
because of operator error, equipment
malfunction, or power outage. The
arrature protector was designed to

11

protect the moving element (armature)
of the shaker by preventing it from
hitting the mechanical stops. This is
accomplished by electronically

shorting the energy in the amplifier to
ground and short-cvircuiting the arma-
ture. Unfortunately, the sudden
dynamic braking, due to short-
circuiting the armature, ygenerates
large accelerations which have caused
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the spacecraft or specimen to be sub-
jected tc excessive levels and possibly
be damaged.

The firing of an armature protec~
tor or "shaker dump" is of particular
significance at Goddard Space Flight
Center because one “dump" cculd des-
troy a spacecraft valued at more than
$1,000,000 or reduce the reiiability
in the specimen to a point where it
would cause a costly delay in the
launch of a spacecraft. The purpose
of thic paper is to degcribe the two
specimen protections systems that were
developed for Goddard, and to present
and discuss results from typical oper-
ational tests of each.

DESCRIPTION OF DECELERATION SYSTEMS
Mathematical Treatment

The mechanism for dynamically
braking the armature as smoothly as
possible so that no damage is incurred
by the test specimen is described by
the {ollowing equation:

(1) -a = Bzd + 2av

where: v is the velocity and 4
is the displacement of
the armature at the time
shutdown is inftiated and
-a is the maximun deceler-
ation level reached during
shutdown.

This relationship is a combination of
electrical and mechanical parameters as
developed by their mathematical anal-
ogies. The parameter o is the shunting
resistance in ths armature circuit, and
the parameter B° is a function of the
flexture stiffness and armature mass.
Further treatment is presented in
Appendix A as established by (1), (2)
and (3). It is by virtue of the scc-
ond term of equation (1), 2e«v, and
solely through this term, that the dy-
namic braking effect occurs.

Control of deceleraticn by means
of armature resistance is dominated
by the first term of the equation (1).
This term, B 2d, is a function of the
flexure stif?ness, displacerent, and

armature mass, and is completely inde-
pendent of the resistance. Any

12

acceleration due to B zd has to be al-

lowed for an’ ‘ cannot be adjusted.
This effect . rticularly noticeable
at low frequenc.es and large displace-
ments under conditinns of light load.

The major component common to each
of the two deceleration systems (one
designated type A, the other type B) is
the dynamics computer. These computers
are «Jesigned to perform the following
functions:

1. To monitor certain significant
parameters and initiate a con-
trolled decelera“ion of the
armature whenever these
parameters exceed preset safe-
ty limits.

2. To dynamically brake the arma-
ture to a stop by causing
successive damping resistance
to be switched across the
armature circuit in such a way
as to avoid large deceleration
peaks.

Type A

Figure 1 shows a block diagram of
an MB C126 (10,000 1b. force) vibration
system that incorporates the Type A
deceleration system. The system con-
sists of a relative displacement trans-
ducer, deceleration dynamics computer,
deceleration level controller, acceler-
ation limiter, ignitron, dynamic brak-
ing chassis and a status display panel.

The displacenent. transducer, mount -
ed on the shaker, and attached to the
armature, generates a signal proportion-
al to the position of the armature,
relative to the exciter field body.

The displacement transducer responds
from DC to 200 Hz and senses the static
as well as the dynamic position of the
armature. The instantaneous displace-
ment signal from the transducer is fed
to the dynamics computer, which deter-
mines the instantaneous deceleration
required to bring the armature to rest
in a given distance. If the computed
deceleration equals or exceeds a pre-
scribed level, the dynamics computer
comnands system shutdown by triggering
the level controller. The level con-

troller triggers the ignitron; thereby
shorting electrical energy in the
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Figure 1.

M8 C126

MB Clz6 Exciter with

the Type A Deceleraztion

System

amplifier to ground, and after a
slight delay, on the order of micro-
seconds, provides control signals to
the dynamic braking chassis. The
level controller monitors the arma-
ture velocity as computed by the
dynamics computer, and, as this
velocity decreases, causes the dynamic
braking chassis to automatically switch
in progressively smaller resistors in
the armatvre circuit. The number and
sequence of level controller command
gicnals, and the number of dynamic
braking resistors inserted by the
dynamic braking chacsis, are indicated
on the Status Display Boarxd.

This deceleration system ray also
be initiated by: (1) excessive accel-
eration level, preset from 3 to 300 g's,
(2) a transient input or "“jerk", and
(3) loss of AC power to the system.

An acceleration limiter monitors the
input or control accelerometer and
when preset level is exceed ‘4, the
acceleration limiter tr’ ,,.cs che de-
celeration level controller to initi-
ate a controlled deceleration. A
differentiator built into the deceler-
ation level controller determines the
jerk magnitude by monitoring the am-
plifier input signal and similarly
initiates deceleration. A level de-
tector is also built into the Adeceler-
ation level controller to monitor AC
power and initiate deceleration when
power is lost.
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Type B

Figure 2 is a block diagram show-
ing the type B deceleration system,
irtegrated with an Mp 210 (28,000 1b.
force) vibration system currently in
use at Geddard. The deceleration sys-
tem consists of a computer controcl
chaasis and a cabinet containing an
ignitron, thyratcons, and damping re-
gistors, needed to carry out the dynam-
ic braking action.

The sensing signal for the type B
system uses the armature terminal volt-
age as a measure of velocity. An
integrator is used to compute the arma-
ture displacement and a prediction cir-
cuit computes the increment of dis-
placement required to shutdown at a
preset test level. The sum of the
final computer displacements (armature
plua increment) is used to initiate
shutdown whenever the absolute value
approaches the maximum amplitude
excursion of the exciter. When the
dynamic braking operation is initiated,
a resistance is immediately switched
through the first thyratron across the
exciter armature. At the same time,
the power amplifier driving the exciter
is shutdown, via the ignitron. After
a short delay of about 20 microseconds,
the control chasis is free to permit
the second, third, fourth, and f£fifth
resistor, in sequence, to be switched
via the appropriate thyratron. The
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Figure 2. MB C210 Exciter with
the Type B Deceleration
System

control chassis using the armature
voltage as a measure of velocity, com-
putes the displacement, and continuoue-
ly for each resistor, computes the
acceleration as if that resistor were
switched in. When the cnmputation
indicates that the acceleration would
be at a safe level if that resistor
were switched in, the appropriate
thyratron is fired, and the resistor
is then activated. Triggering of this
system may also be initiated by: (1)
jerk at the amplifier input, and (2)
excessive acceleration level, preset
from 3 to 300 g's.

TEST RESULTS

Time histories of decelerations
on the type A (MB Cl26 exciter, 10,000
1b, force) and on te type B (MB C210
Bxciter, 28,000 1b. force) systems
ware recorded on an oscillograph using
a piezoelectric accelercmeter mounted
on the exciter armature (bare table).

Figure 3 shows the acceleration
response of an MB Cl126 exciter vibra-
tion system caused by initiating the
standard amplitude proatector system.
This system does not have the type A
deceleration capability and is pre-
sented to show a typical shaker dump
as a reference. Exciter operating
conditions during this time period
were 5 Hz and 0.5 inches double ampli-
tude displacement (equivalent to +0.64
g-peak). The amplitude protector was
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fired close to the peak of the acccl-
eration waveform and the amplitude of
the resulting transient was 12 g-peak.
Figure 4 shows the acceleration respons
entirely due to table mass and flexures
at low frequencies under a condition of
a light load without amplitude pro-
tector or type A deceleration systems.
The MB Cl26 exciter was operated at:-5
Hz, $0.64 g-peak, and then the power
amplifier was turned off near the peak
of the acceleration waveform. The
resultant transient due to the effect
of the table mass and flexures was 10
g-peak.

Figure 5 shows the shutdown tran-
sient using the type A deceleration
system. The exciter was operated at
5 Hz, $0.64 g-peak and . he type A 8sys-
tem was triggered near the peak of the
acceleration waveform. The resultant
transient was 8.5 g=-peak.

Figures 6, 7, and 8 illustrate the
action of the type A system when ini-
tiated at different frequencies and on
a random basig. Figure 6 shows a shut-
down when operating the exciter at 10
Hz, +2.5 g-peak. The system was
triggered near the peak of the acceler-
ation waveform and the resultant tran-
sient was 12.4 g~peak. Figure 7 illus-
trates a shutdown at 20 Hz and +8.2
g-peak with the system triggered be-
tween maximum velocity and maximum
acceleration. The deceleration tran-
sient was 24 g-peak. Figure 8 shows a
shutdown at +18 g-peak and 5C Hz with
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the shutdown initiated at maximum
acceleration. The deceleration tran-
sient was 23 g-peak.

Figure 9 illustrates the effect
of a shutdown amplitude protector on
a MB C210 exciter. The exciter was
operated at 5 Hz, *0.8 g-peak. bare
table. The amplitude protector fired
at the peak of the acceleration wave-
form and the transient exceeded 10
g-peak.

Figure 10 shows the effect of the
C210 table mass and flexures while the
exciter was operating at 5 Hz, +0.5
g-peak and then disconnected from the
amplifier, so as to eliminate armature
braking, at the peak of the acceler-
ation waveferm. The resultant tran-
sient was 3.6 g-peak.

Figures 11 through 14 illustrate
the action of the type B deceleration
system on the C210 shaker system under
a variety of conditions. Figqure 11
shows a shutdown transient at 5 Hz,
+0.64 g-peak. The system was triggered
at the peak of the acceleration wave-
form and the resultant trancient was
12 g~peak. The ringing on the wave-
form is probably due to the ignitron
firing and exciting the armature
resonance. The undamped oscillations

after deceleration are caused by the
thyratrons which extinguish themselves
when the AC voltage goes to zero and the
armature sees an open circuit. When
this happens, the armature will oscil-
late at its mass resonance until damped
out. Figure 12 illustrates a shutdown
wher. the exciter is operated at a fre-
quency of 10 Hz, and a level of *2.5
g-peak. The deceleration transient was
at the peak of the deceleration waveform
with a level of 13 y-peak. Figure 13
shows a deceleration transient when the
system was operated at 20 Hz and 18.2
g-peak. The system was triggered near
maximum velocity and zero acceleration.
The resultant transient was 11.4 g-peak
with armature ringing and oscillations.
Figure 14 illustrates a shutdown tran-
sient when the exciter was operated at
50 Hz, %18 g-peak. The system was
triggered between maximum velocity and
maximum acceleration. The resultant
transient was 24 g-peak.

For clarification purposes, Table
1 summarizes the shutdown transients
of the type A deceleration system. The
shutdown transient was computed for
each of the test runa and compared to
the actual shutdown transient. It can
be seen by the table that there is close
agreement between the computed and
actual shutdown transients.

Table 1 - Type A Shutdown Transient Data

Shutdown Transient
Test Level
Computed * Actual
5 Hz, *+0.64 g-peak 11.6 g-peak 8.5 g-peak
10 Hz, *2.5 g-peak 13.5 g-peak 12.4 g-peak
20 Hz, *8.2 g-peak 24 g-peak 24 g-peak
50 Hz, *18 g-peak 21 g-peak 23 g-peak

*-a = Bozd + 2wv
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Table 2 -~ Type B Shutdown Transient Data

effect of the table mass and flexures,
it can be said that the deceleration
systems are quite successful in reduc-
ing deceleration transients to a safe
controllable level.

APPENDIX A

Mobility Analcg Formulas for the
Vibration Exciter (1), (2) and (3).

(1) =-a = Bozd + 2mv

where: a, 4 and v are the
instantaneous values of acceler-
ation,displacement and velocity
at the time of shutdown.
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Shutdown Transient
Test Level
Computed * Actual
5 Hz, $0.64 g-peak 6.2 g~peak 12 g-pzak
10 Hz, *2.5 g~-peak 8.1 g-peak lf'é-peak
20 Hz, +8.2 g-peak 3.8 g-peak 11.4 g-peak
50 Hz, %18 g-peak 2.4 g~peak 24 g-peak
2
*.a =B "d+ 2xv
(<]
2 1
Table 2 summarizes the shutdown (2) B = o
transient of the type B deceleration °
gsystem. The actual shutdown tran- 2
sient is compared to the computed L (Henries) = 21131
transient., The computed transients PRIION = Ke
are lower in value because of the
armature ringing and undamped armature _ .
oscillations generated by the actual Kf - fle*ure 8pring constant,
1b/in.
shutdown event.
F
M = = = generated force to
LONCLUDING REMARKS 25 driver coil current,
One of the specification require- 1b/amp. -2
ments for the deceleration systems was ¢ (farads) = 2,29x10 "W
that the deceleration should not ex- B “7
ceed the test level, It has been shown
that under conditions of light loads,
w=
low frequencies and large displace- wtable + wcoil + wload,lba'
ments, that this is not possible with
either type A or type B systems. With 1
an understanding of the transient (3) «= SRe

P {ohm) = the total damping
registance, 1134
D

D = mechanical damping constant,
lbas/in/sec
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DISCUSSION

Mr. Mutter (Boeing Co.): Can this process
be used on a random signal as well as on a si-
nusoidal test?

Mr. Cook: Yes, it can.

Mr. Mutter: How can it work on a random
signal, if control is mainly on displacement?
How do you distinguish tne level through the
frequency spectrum on a random test ?

Mr. Cook: The system looks at the velocity
and at the displacement when using the random
signal. It was designed to do this. We have not
done much testing on the system with random
signals. But is was designed to decelerate
under a random input,
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Mr. Meza (IBM Corp.): What about the
reliability of the overall system? We are
hanging x number of more chassis on that
amplifier.

Mr. Cook: So far it has beenr fair. These
number one systems are more or less proto-
type, and reliability should improve as further
systems are manufactured.

Mr. Meza: You have used the system with
random though?

Mr. Cook: Yes, we have used them with
random,
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CONTROL TECHNIQUES FOR SIMULTANECUS
THREE-DEGREE-OF-FREEDOM HYDRAULIC VIBRATIO(' SYSTEM

H. D. Cyphers and J. F. Sutton
NASZ4, Goddard Space Flight Ceiter

Greenbelt, Mar:rland

A new combined environment test facility known as the
Launch Phase Simulator (LPS), is now in operation at the Goddard
Space Flight Center. 1Included in the facility is a vibration
system designed to simulate the low frequency mechanical vibra-
tions experienced by spacecratt during the launch phase of
flight. The system is capable of operation both on the end of
a large centrifuge arm and as a conventional shaker system
mounted on a fixed reaction mass.

This paper discusses the operation and control of the
vibration system, problems relating to phase and amplitude
control of the shakers for sinusoidal and random inputs, and

several advanced control techniques which are presently under
study.

The vibration system consists of five electro-hydraulic
actuators mounted in a configuration which permit three-degree-
of-freedom motion, corresponding to a combination of longitu-
dinal, yaw, and lateral vibration. The three types of mction
can be applied independently or in any combination. This
system employs rultiple-loop feedback servo controllers for
antuator control and completely automated input functions which
enable one person to operate the complete system. Input
sources include tape recordings of actual flights, an auto-
matic random equalizer, and sinusoidal generators.

The input control system uses the latest techniques for
automatic amplitude, phase, and cross coupling control. It
features automatic displacement and acceleration level contrcl
and a unique shaker galling circuit designed to detect breakdown
of the moving actuator lubricating oil film, This circuit shows
promise as an aid in detecting this galling phenomenon which has
icig plagued hydraulic shaker designers and users.

INTRODUCTION

The dynamic environment to which a
spacecraft is exposed can, in general,
be divided into three categories:
the prelaunch or ground handling
environment, the launch environment,
and the orbital environment. During
launch, the most severe envirormental
loading conditions often occur simul-
tanevusly. In the past, simultaneous
reproduction of all of these condi-
tions has aot been attempted because
the required facilities and techniques
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didn't exist. Spacecraft design philos-
ophies, therefore, have been limited to
single environment test conditions,
resulting in hardware tailored to the
simulated test conditions rather than

to the real environmental conditions.

During launch of a space vehicle,
the severity of acoustic noise-induced
vibration is at its greatest. At the
same time, the liftoff accelerations
are of an appreciable magnitude, as are
other effects such as pressure and
temperature variations. The combination
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of mechanical vibration and static (non-
vibratory) acceleration in a laboratory
test is especially difficulct and was
formerly avoided because of tne complex
nature of the facility required. We

are now approaching a sophistication

in the design of spacecraft and vehicles
such tra!. the specific efiects of com-
bining static acceleration, mechanical
and acoustic vibration, and pressure

can nc longer be ignored in evolving
efficient and reliable designs for
spacecraft structures, subas. cmblies

and components. Significant effects

can be produced by a combination of
stresses resulting from such factors as
sieady-state structural deformations
which modify vibration response char-
acteristics, binding or friction in
mechanisms causing erratic responses
under vibration, and additive static
and vibratory acceleration causing
overstressing of structures and com-
ponents. To complicate matters further,
additional combinations of environmental
stresses such as those produced by
temperature and pressure can increase
the physical effects that must now be
considered in simulating the launch
environmental conditions.

An advanced combined environmental
test facility designated as the Launch
Phase Simulator (LPS) is now operational
at the Goddard Space Flight Center [1].
The LPS is capable of simultanecusly
reproducing the major launch environ-
mental conditions; i.e., static accel-
eration, acoustic noise, rressure
profile (vacuum), aiad mechanical vibra-
tion {(low frequency). Presented here
is a detailed description of the
envir ..nental capabilities of the three-
degree-of-freedom mechanical vibration
system which forms a part of the LPS
test facility.

System Capabilities

The LPS Vibration System producesn
three-degree-of~freedom motion (longi-
tudinal, lateral, and yaw) from 0.5
to 200 Hz with both sinusoidal and
random capability. The three types of
motion can be applied independently or
in any combination. This system 13
capable of operation on the centrifuge
arm or on a seismic reaction mass loca-
ted off of the arm (offboard) (Fig. 1).
The maximum sinusoidal and random
vibration capabilities of this system
are as follows:
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Sinusoidal Vibration

Longitudinal: +4g, 1 in. double
amplitude,
Lateral: +2g, 1 in. double amplitude.
Yaw: +10 rad/sec.2 angular acc-leration
0.015 radians double ampli-:ude.

Random Vibration

Longitudinal: 2.8 g-rms, 1 in. double
amplitude.
1.4 g-ims, 1 in. double
amplitude.
Yaw: 7 rad/sec.2 rms angular accelera-
tion, 0.015 radians dcuble
amplitude,

Lateral:

Design capabilities of the vibration
syst~>" when mounted on the seismic
reaction mass are identical to those
for the system when mounted on the
centrifuge arm except for the frequency
range which is 1/2 - 200 Hz for the
former condition ard 5 - 100 Hz for
the latt=r condition. The system can
sirulate the actual environmental
conditions in real time and can be
operated either automatically or
manually.

The facility can accommodate a pvay-
load or spacecraft configuration that
weighs up to 5000 1lb. and is contained
in an envelope 10 ft. in diameter and
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15 ft. long. This spacecraft size was
based on the dimensions of the second
generation ov obscrvatory class of
unmanned spacecraft.

Detailed Description

The vibration system consists of
a configuration of five electro-hydrau-
lic actuators interconnected with two
structural tables, such that three~
degree-of-freedom motion is vossible.
This system is coumpletely housed in
a structure known as the end cap. The
end cap is the removable part of the
test chamber which is located on the
end of the rotating arm structure.
Figure 2 illustrates the operation of
loading the end cap end on the test
champer structure. The hydraulic
power supply required for this system
is located in the pedestal pit beneath
the center of the arm. Hydraulic
power requirements for maximum force
output with sinultaneous motion in the
three~degrees~of~freedum is 300 gpm at
3000 psi. The hydraulic fluid is
transferred from the power supply to
the system through a hydraulic rotary
joint at the center of rctation of the
arm structure and i1s routed along the
arm through piping to the vibration
system for on~board operation. For
offboard operation, the hydraulic
piping is routed to the seismic
reaction mass from the hydraulic power
supply via an equipment trench.

The multi-axis motion of this
system on the centrifuge arm is defined
in Figure 2 as follows: (a) longitu~
dinal motion is rectilinear motion
along the x-ax’s or thrust axis (longi-
tudinal axis of test chamber and space-~
craft); (b) lateral is rectilinear
motion along the z-axis; and (c} yaw
is rotary motion in the horizontal (x-z)
plane about the vertical axis. The
motions for the system when oriented on
the seismic mass are identical except
that they are in a vertical plane
rather than the horizontal plane.
Explanation of the motion capability
requires a description of the shaker
arrangements: four actuators are
mounted at 90 degree intervals around
the periphery of the interior of the
end cap structure. There is a lower
vibration table which is attached to
the moving elements (pistons) of
these actuators. When these four
actuators are operating in phase,
longitudinal or thrusting motion is
produced. When two oppogsite actuators

25

fFigure 2.

Applications Technology
Satellite During Test
Chamber Loadinrg Operation

of this system are operating 130
degrees out of phase, yawing motion
is produced. An upper vibration table
structure is mounted to the lower
vibration table through a series of
hydrostatic bearings and moves
relative to the lower table by
virtue of imposed motion from the
fifth actuator located within the
lowar table. When lateral motion

is not required, the upper table is
held stationary by means of a
position feedback loop. The lower
table has a mechanical locking
feature which secures the table
during mounting of the test specimen
and subsequent transportation from
the offboard seismic mass to the onhoard
(on arm) configuration. Figure 3
depicts the end cap (on the seismic
mass) with the lower vibration

table being lowered into place and
shows the coordinate system with
x~axis vartical for this orientation.
Shown in Figure 4 is the end cap
with lower vibration table removed
and upper vibration table adiacent
to the end cap. Note three of the
four thrust~yaw system actuators and
the vacuum seal (o boot") attached
to the upper table structure.
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Figure 3. End Cap on Seismic Mast
Showing Lower Vibration
Table During Assembly

Figure 4. View Looking Down on
End Cap With Lower
Table Removed

CONTROL SYSTEM
Design Considerations

The overall design of the LPS
Vibration Input Control System is
shown schematically in Figure 5,
and embodies the results of exten-
sive model stucdies performed at
Goddard [2] as well as the techniques
developrd and used by other test
facilities {3}. Because of the
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Figure 5. Sinusoidal Vibration
Control System

three-fold increase in control
complexity over conventional single
degree-of-freedom multi-shaker
systems, a completely automatic
system was developed for control
of the shakers. The vibration
system must also operate in con-
junction with three other environ-
mental control systems, i.e.,
steady-state acceleration, vacuum
(pressure profile) and acoustic
noise, to produce a real-time
simulation of the launch environ-
ment. As a result, these factors
added much to the complexity of
the design requirements for the
control system.

The following typical operd-
tional sequence illustrates the
programming capability that is
required: At T=0 the thrust sys-
tem frequency starts sweeping at
a given sweep rate. Simultaneously,
at T=0 or at later (preprogrammed)
times the yaw and lateral systems
beyin similar preprogrammed test
sequences. (Note: the yaw and
lateral sweep rates and amplitude
variations may or may not be the
same as the thrust system sweep rates
and amplitude variations.) Time
T=0 is dictated by the time of
occurrence of the specified vibration
in the overall combined environ-
mental test. This may correspond
to liftoff, max Q, transonic
buffeting, or engine firings in
space.
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The input control parameters
are most often defined in terms of
vibratory acceleration levels
obtained at interfaces between
major structural elements. A simu-
lation of the flight environment
cdn be obtained by applying vibra-
tional excitation to the structure
at these interfaces and controlling
the levels at these points to atch
those encountered in flight. With
this in mind some of the practical
limitations in achieving true flight
vibration simulation should be
pointed out:

1. Control systems are generally
limited to a specific number
of control sensor points.

The behavior of the specimen
between these points is depen-
dent upon fixture and table
design and selection of the
control points. By choosing
these points through both
analytical and empirical
means, the vibration between
the control points will be
somewhat predictable.

2. Hydraulic actuators are
inherently non-linear devices
with frequency, load, and time
dependent phase shift character-
istics.

3. Whenever multiple shaker
excitation is used, energy
crossfeed between shakers can
cause control problems at some
frequencies. This occurs due
to the fact that at certain
frequencies the specimen and/
or fixture will tend to vibrate
in its natural mod.: shape in
violation of :he specification
test levels and phase relation-
ships. Trouble occurs when-~
ever the czupied vibration
from one Jriven point to another
exceeds the level desired at
the second point.

4. The shaker-plus-fixture system
usually presents a mechanical
impedance very different from
that of the interfacing launch
vehicle. 1In the case of the
LPS system, a large table mass
of 8000 lb. rompared to a maximum
payload mass of 5000 lb. combined
with the inherent stiffness of a
hydraulic shaker system present
an extremely high impedance to
the specimen.
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In view of the above factors, the
design goal was to develop a control
system which would: (a) permit
selection of one or more control
points; (b) compensate for the load
and frequency dependent character-
1stics of the actuators; and (c)
employ cross-coupling control
techniques in order to minimize
interaction of the extremely close-
coupled system. The resultant
system should provide a well
controlled input with a very high
impedance at the plane of the space-
craft attachment incerface.

GENERAL DESCRIPTION

The vibration input control
system as shown schematically in
Figure 5 generates sinusoidal
voltages and receives signals pro-
portional to accelerations and
displaceinents of the actuators.

In addition, it accepts external
signals from either a tape recorder
or random equalizer. The system
consists of Spectral Dynamics (SD)
amplitude control and Chadwick-
Helmuth (C-H) phase contivl equip-
ment. This combination was chosen
because it lends itself to complete
automation, incorporation of the
necessary protective features and
provides maximum control loop
stability. The signal input source
(tape, sine, or random) is selected
by means of a patch panel. From
there the signal goes through the
master control panel which contains
automatic level controls, individual
actuator level controls, and a
master control. 1The automatic level
controls allow any number of actua-
tors to be brougiht on line slowly

to a level 4 db down from the
operating level. This point permits
the control lcop to be established
(in compression) and all the pertinent
parameters to be checked immediate.y
prior to testing. At test initiate
the automatic level control will
bring all controllers out of compres-
sion simultaneously at a controlled
rate. The system is then ready to
accept amplitude control signals.

Amplitude Control

Once the operating level is
reached, the sinusoidal signal
generator freguency sweep circuits
are energized. The frequency analog
output of the generators in turn
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drives the level programmers. The

same sequence is rereated for each

of the three axes. The Model SD104
sine generator cont'>ls the duration

of the test for all input sources
(tape, sine, or random) since it

drives the :i-axis of the level program-
mers.

The block diagram of Figure 5
shows a total of seven SD104 servo
controllers. One is for control of the
lateral or trarnsverse actuator, four
are for thrust control, and the remain-
ing two are fcr yaw control. All con-
trol is done on the fundamental
frequency component of the control
signal.

A typical normalized accelero-
meter feedback signal from a charge
amplifier receives some amplification
in the SD105, it is then routed to
the Model CH500 Phase and Amplitude
multiplier chassis. The Model CH500
extracts the fundamental acceleration
signal by analog multiplication
techniques. A voltage proportional
to the fundamental amplitude is
applied directl)y to the SD105
compressor (amplitude servo} to
maintain the vibration level con-
stant and independent of distortion
components. Note that the amplitude
controls employ signals which have
been effectively filtered by use of
analog multiplication. If narrow
bandwidth tracking filters had be~n
employed instead of the multipliers,
additional time constants equal to
the reciprocal of the filter band-
width would have been added to the
system. This could cause instability
under certain conditions.

The fundamental yaw acceleration
component is detected by the multi-
pliers from the accelerometer
signals obtained from the 90° and
270° hydraulic actuators which excite
both yaw and thrust motion. The
yaw signal is then controlled for
amplitude and phase separately and
summed with the thrust signal at
the power amplifier input. The
thrust signal components are handled
in similar fashion.

Level programmers control the
scale factors applied to the accelero-
meter signals for each axis and
thus determine, together with the
SD105 settings, the vibraticn level
for each axis. Displacement control
is obtained either by doubhle integra-
tion of the accelerometer signal
or by using displacement signals
which are generated by transducers
mounted dir-~.ctly on the actuators.
This actuator dishlacement signal
aud an additional slave feedtack
signal are ncrmally used only in
instantaneous servo loops for
actuator positioning and servo
valve damping.

Phase Control

The desired phase relationships
among all actuators are controlled
automatically by the Model CH 500~7AS
Phase Control System. Phase sensing
is accomplished by analog multiplica-
tion of the accelerometer signal and
the undistorted reference sine wave
at the generator frequency. This
analog multiplication gives a control
voltage proportional to the phase

TABLE T
RATE OF PHASE SHIFT FOR STRUCTURAL RESONANCES
Generator
Time to Sweep Sweep Rate (Phase Shift Degrees/Second)

20-2000 cps Degrees/Min. Q=5 Q=10 Q=20 | Q=50 Q=100
29 min. 5 1.7 3.3 6.7 17 33

14 min. 10 3.3 6.7 13.0 33 65

7 min. 20 6.7 13.0 27.0 65 133

4 min. 40 13.0 27.0 53.0 133 270*

2 min. 80 27.0 53.0 110.0 270* 540%

* Too fast for 180°/second maximum

speed of 500 systems
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(out of phase component) o the two
signals with rejection «f aarmonics,
noise, hum, or other signals not

at or very near the shaker frequency.
This control voltage is used as an
error signal by the phase servo.

The servo then shifts the phase of
the fundamental drive frequency to
the actuator in the proper direction
to bring the actuator into the desired
phase relationship with the others.,
Front panel adjustments allow the
actuators to operate in phase, or
permit selecting any desired phase
of fset, relative to the reference
actuator motion. For each actuator.
a phase error meter indicates any
deviation Jrom the desired phase.
Table I shows rates of phase shift
for structural resonances and the
control capability of the phase
control system.

Random Control

Present plans for the provision
of random control equipment for the
LPS vibration system include an
80~channel automatic random equaliza-
tion system and a multi-channel random
averager. ' This equipment will be
operated in conjunction with the
sinusoidal control system to average
the four thrust accelerometer signals
and feed the average PSD spectrum and
level data into the automatic
equalizer. The random ccnsole adjusts
the input signal to provide proper
equalization of accelerometer signal
levels within each filter band as
required by the test specification.
The overall random drive to each
shaker is controlled by a Data-
trak-SD105 combination in the same
manner as are the sine inputs.

(See Figure 6). (Note: The Data-
trak is essentially a device for
following a pre-plotted curve.)

ACCELRMATION FEECHRACK
TYPCAL OVERALL
LEVEL FEEDRACK
r.._ POWER AMPLIFITR

RimDON
WrTRAQLR

s

OTHER THRUST
FEIDRACK LIGNALY

THRUST SWEEP
GENERATON
0104

Present Random
Control System

Figure 6.
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Cross-Coupling Compensation

Both amplitude and phase
control can be defeated by
high-Q resonances in the structure
between the drive points. For
instance, with resonance amplifica-
tion of input from the principal
or master shaker, a greater "g"
level than desireu may appear at
the drive point of a particular
slave actuator. This condition
depends on the mechanical. impedances
of the test structure and fixture,
and of the shaker table. Should
resonances occur, the compressor
circuit at the slave actuator can
decrease drive to zero. The test
objective for "g" input, then, cannot
be met, and phase control is also
lost since there is no slave actuator
drive to control.

One (impractical) solution to
this problem is to control manually
through the resonant frequencies. ‘ae
operator adjusts the amount of drive
from the oscillators (compressor off),
and the phase of drive from the phase
control unit (servo off) until return
to automatic control is possible.

Another solution is to study
the structural behavior at the
resonant frequencies, determine
"cause and effect" paths (e.g.
drive at actuator "a" causes largest
response at shaker "b" accelerometer),
and prograin for exchange of accelerom-
eter signals and contro. channels at
these frequencies. This approach
works well with a two-channel system,
but for a more complex system, the
exchange becomes very complicated
and impractical to program.

One general approach toward stabili-
zation of an "N" channel system is to
generate "N" bias "test frequency"
signals which are directly applied
to the drive signal input for each
channel, (i.e,, not through the phase
and amplitude control system). These
bias signals are approximately the
electrical equivalent to (but opposing)
the structural cross coupling between
drive points. Operation of the Model
CHS532 Cross Coupling Compensator
is based upon this general approach,
but with an added practical advantage
of very uncritical bias value (ampli-
tude and phase). This advantage is a
result, in part, of the use of
multipliers for detaction of vibration
amplitude and phase (in-phase and
out-of -phase components rather than
magnitude and phase angle.)
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The LPS control system contains
two model Ch532 cross-coupling
compensation systems; a four-channel
unit for thrust interactions and a
two-channel unit to correct for yaw
interactions.

Safety Features

The testing of expensive space-
craft hardware requires that every
precaution be exercised in order to
insure that environment. tests are
performed correctly. Thev2fore, it
is necessary to ascertain chat the
setup prior to test is correct and
that once the test is begun, any
malfunctions will subject the specimen
to levels lower than the specification
levels. The input control system has
suveral modes of operation. A brief
description of these is given below:

Pretest checkout of the vibration
input control system is accomplished
by means of a Preset Mode. 1In this
mode, the control loop is connected
directly from the servo controller
(SD105) output to the accelerometer
input. This permits checking the
input control system from Initiate
through Shut Down. The control system
is interlocked so that prior to se-
lecting Operate Mode all gain settings,
progran limits, pressures, etc., must
be established. In the Operate Mode,
just prior to test initiation, the
system is placed in automatic operation

and a signal is inserted which will hold

the system approximately 40 db. below
the preset test level. This condition
allows the table and specimen to be
centered and the control feedbark
loops to be closed.

There are several circuits which
are designed to protect the spacecraft
once the test is initiated. Shutdown
of the compressors at a predetermined
rate will occur if: (1) there is a
loss of any accelerometer control
signal; (2) a switch is changed;

(3) a component fails; or (4) a pre-
set level of acceleration is exceeded.
In addition, emergency stop buttons
located at various points in the system
are available to initiate smooth,
rapid, automatically sequenced, transi-
ent free shutdown of the entire
facility.

Because the LPS vibration system
is completely enclosed with the end
cap with all actuators permanently
connected to the tables, a means of
detecting incipient galling (break-
down of the lubricating oil film
between moving parts) was developed.
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This system consists of accelerometers
mounted on the hydraulic actuators,
amplifiers, monitoring loud-speakers,
and oscilloscopes. The system detects
the high frequency fgreater than 500 Hz)
noise which is typical of increased
friction between parts and gives a
visual and audible warning of light
galling allowing immediate shutdown for
prevention of costly severe galling.

Figure 7. Acceleration Time History
of Galling Response

Figure 7 is a photograph of
the output of an accelerometer
mounted directly on a hydraulic
actuator during a 2 Hz sinusoidal
dwell. The plots of Figures 8 and 9
show the Fourier spectrum power
spectral density (PSD) and probability
density (PDA) of the galling and
non-galling portions of a cycle.
Note the relative magnitudes of
the Fourier and PSD plots. For
quick detection of incipient galling,
such data analysis is not necessary.
The characteristic rasping sound
heatd when the signal is reproduced
via a loudspeaker is very efféctive
for this purpose. The skewress of the
PDA and the "one-sided” characteristics
of Figure 7 are due to data recording
problems.

PLANS FOR FUTURE DEVELOPMENT

Such techniques as control
firom points on the spacecraft above
the table level, improved random
control, impedance control, automatic
cross-coupling compensation, and
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digital computer control are under Random Phase Control
consideration.
Preliminary studies at Goddard
Spacecraft Control Points and elsewhere [5] indicate a need for
phase control of random signals applied

Provisions have been made in to multiple-shaker systems because
the present system to permit control hydraulic actuators are non-linear
of the acceleration level at points devices with phase shift character-
on the spacecraft other than at the istics which are apparently functions
interface. This type of contrcl of temperature, contamination of the
will consist of selecting one or hydraulic fluid, and of specimen
more points to be controlled on the mechanical impedance. In the case
spacecraft structure, feeding signals of a common random input to two or
obtained at these points into a more shakers, a condition could exist
phase insensitive multi-channel in which one actuator would be moving
averager and then introducing the up when another would be moving down.
resulting average signal into the In multiple-shaker configurations
cortrol system via a variable gain such performance could cause large
amplifier. This signal will be intro- stresses on fixtures and introduce
duced in a manner which will undesirable yaw components into pure
enable the svstem to control to the thrust tests.
required amplitude level on the space-
craft and yet maintain the proper The random excitation control
phase and amplitude reliationships at system under consideration consists
the interface. of a modified 80-channel automatic
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equalizer. This modified system
provides five independent automatic
equalizer and analyzer controls, each
covering a 20N Hz bandwidth. This
arrangement will provide 16 filters,
each having a 12.5 Hz bandwidth.

This modification, to incorporate

phase control, may take the form of

a set of variable delay lines or

employ the use of heterodyne techniques.
Operation of one possible phase

control system (Figure 10) is as
follows: Wide band randcit »>ise is

fed to a balanced modulator where

it is modulated by a 100 kHz carrier.
The resulting signal is passed through
a bank of narrow bandwidth filters

and demodulated again. In the demodu-
lation process, however, voltage~
variable crystal controlled oscillators
are used so that servo-controlled
nhase shift may be introduced into

the forward signal path of each narrow
band of noise. The demodulated signals
are recombined and fed to the actuators.
The feedback accelerometer signals

are heterodyned with the 100 kHz
carrier and narrow band filtered so
that the average phase angle between
the two 10 Hz components, the two 20 Hz
components, etc., can be measured.

The resulting DC signals are used

to close the phase control loops.
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10. Block Diagram of
pigure Proposed Random

Phase Control System

"Phase" in the application dis~
cussed here refers to the phase
angles between ‘:he outputs of two
nearly identical narrow bandwidth
filters. For random noise inputs,
the narrow band random outputs have
the appearance of randomly amplitude-
modulated sinusoids. The "frequency"
of the ocutput signal is well enough
defined so that DC "average" phase
can be derived. Figure 1l depicts

the appearance of two nearly identical
narrow-band signals maintained approxi-
mately at 0°, 90°, and 1B0° relative
phase angle. 1In the two-actuator
svstem described here, if the two

10 Hz components, the two 20 Hz
components, etc., are all maintained
in phase in pairs, then the net result
when the two complete sets of narrow
band signals are recombined will be
"in phase" i.e., both actuators will
move up and down in unison.

ne

Figure 11. 0°, 90°, 180¢ Phase
Relationships of Random
Signals
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Impedance Control

In most practical situations,
the impedance at a point is a complicated
function of frequency, with resistive
and reactive effects beccming dominant
alternately in continuing succession
as the frequency is increased. To
date, most impedance control work has
been done using sinuscidal inputs.
A technique which holds promise for
impedance control with random inputs
consists of adding a force gage signal
in a parallel feedback path with an
accelerometer signal. When this force
signal is fed to individual phase and
amplitnde weighting controls and then
summed with the accelerometer signal,
the random equalizer is able to adjust
the acceleration spectrum as required
by the interactior ¢f the test specimen
with the interface impedance. This
argument is developed in greater
detail in Reference 5.

As the mechanical impedance
problems involved in a multi-degree-
of-freedom vibration simulation
problem are more complicated that
those for a single-degree-of-freedom
situation, this technigue will probably
not be applied to the LPS until it
has been successfully applied to
simpler systems.

CONCLUDING REMARKS

This vibration control system:
(1) permits selection of any desired
control point or point; (2) compensates
for the 'oad and frequency dependent

characteristics of the individual
actuators; (3) employs advanced
cross-coupling ccntrol techniques
to minimize shaker interaction; and
(4) incorporates all necessary
protective features along with
completely automated control. Thus,
the resultant system provides a well-
controlled three-degree~of-freedom
input motion at the plane of the
spacecraft attachment.
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DISCUSSION

Mr. Otts (Sandia Corp.): What type aver-
ager did you use?

Mr. Cyphers: This is an Unholtz-Dickie.

Mr. Otts: With random signals on two
axes, have you considered the use of dual
equalization? Ia other words, equalizing one
axis with one equalizer, the other axis with
the other?

Mr. Cyphers: Yes. The paper discusses
in some detail 2 system in which we arc very
much interested, which would take a conven-
tional 80 channel system, divide it into 5 sep~
arate random equalization systems, each con-
taining 16 filters at 12-1/2 cycle bandwidths,
up to 200 cycles. This would provide all the
capability of a single system for each ac*uator.
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Mr. Otts: Are you going to equalize one
channel at a time with the others down, or are
you going to attempt to equalize simultaneously ?

Mr. Cyphers: I think on this closely coupled
system we would have to do it mostly simulta-
neously. They are solidly attached to each
other as you saw by the lower table and they
would have to be done in conjunction with one
another.

Mr. Otts: Then you are just going to live
with the cross coupling and in certain fre-
quencies you are going to be out of spec, is
this true ?

Mr. Cyphers: We have not even thought
about cross coupling under random control yet.

Sighs
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INITIAL REPORT ON EQUIVALENT DAMAGE MEASUREMENT
BY UTILIZING S/N FATIGUE GAGES*

Thomas B. Cost

Naval Weapons Center
China Leke, California

Code 5517, Quality Engineering Division, Central Engineering Test Branch,
Naval Weapons Center, Chine Leke, California, has successfully utilized

S/N Fatigue Gages for ascertaining structural degradation induced in missile
body structures during road transportation tests and cross country trensport-
ation tests. The results indicate a reliable and simplified method for corre-
laving field induced demage to laboratory-controlled equivalent darage tests
can be developed by utilizing fatigue gages.

INTRODUCTION

The purpose of this paper is to des-
cribe a method that was recently used by
personnel at NWC, China Lake, California
for determining the amount of structural
damage incurred by the Chaparral missile
during roud tests on the XM-370 sclf pro-
pelled launcher at Aberdecn Proving Ground,
Aberdeen, Maryland. The results of this
investigation indicate that the measure-
ment of fleld incurred fatiguc damage can
be achieved by the utilization of fatigue
gages end this damage can be related to
latoratory induced fatigue damage. The
utilization of this uncomplicated method
of fatigue damage measurement opens & new
dimension in cquivalent damage test design
and test evaluation.

THE S/N FATIGUE GAGE

Herctofore, the determination of
accumuleted fatigue damage has becn largely
speculative in nature due to the lack of an
effective, uncomplicated, and reliable
method of fatigue damage measurement that
would lend itself to practical aprlication
outside the laboratory. A good deal of
fatigue damage investiation has been done
with methods using ultra-sonic devices,

;F_P—aper not presented at Symposium,
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eddy current devices, and magnetic devices.
These are, f r their purposes, quite often
very useful. They are, however, somevhat
complicated, require some rather sophisti-
cated ¢lectronics, and céh. be: rFather diffi-
cult %o utilize under field conditions.

The fatigue gage discussed in this
paprer was developed by Mr. Darrel R.
Harting of the Boeing Adircraft Company in
1964 and is, in essence, a strain gage that
develops an irreversible resistance change
directly correlated to fatigue damage when
it 1s subjected to cyclic strains. Al-
though resistance changes occur in the gege
at strain levels below 800 or 900 B, these
changes are very small aud the gag~ appears
to "saturate” or fail to change resistance
when subjected to these low strains. As
the strain levels increase, the resistance
changés alsc “increase. Thes® resistance
changes can be directly correlated to the
induced pre~-crack fatigue damage in a
specimen. The resistance change for a
rarticular fatigue gage is a functicn of
the strain level environment experienced
by the gage. The results from tests with
cyeclic strain about & zero mean strain
arc essentially the same as those from
tests with eyclic strain levels above zero




L Rl

paciutng vtisstont SRR RIIM A g e s o g iairmetindigiioe 1ot st

T SV LY

b, 2 0 o TR N N R S T . i

mean strain. A complete and detslled
evaluation of these and other charactexr-
istics of this type of fatigue gayge are
found in references 1 and 2 and need not
be reiterated here. It should be stated,
however, that these gages, unlike conven-
tional strain gages, do not require con-
tinuous monitoring. The gages may be
monitored periodically during a test and
resistance changes can be detected by
resistance sensing devices wi.h resolu-
tions of 0.01 to 0.001 ohm. Because the
S/N fatigue gage possesses these attri-
butes together with the ease of appli-
cation and relatively low cost found in
nost strain gages, it was selected by
Code 5517, Central Engineering Test
Branch, Quality Engineering Division, NWC
China Lake for measuring the fatigue
Zumage incurred by the Chaparral missile
While transported on the XM 370 self pro-
pelled launcher.

TEST PHILOSOFHY

Theor.tical suiuctural analyeis
of tue Chaparral missile, as described
in reference 3, together with structural
load tosts cunducted by Code 5517 NWC,
described in reference 4, disclosed that
if a serious structural pr,blem existed
on the Chaparral missile, it would be at
the motor tube-warhead intexface. Fig. 1
shows the warhead motor tube interface.
This enlarged cross-section view of the
warhead and motor tube clamp ring grooves
shows how possible stress concentrations
could exist at the radius on the bottom
of the grooves. These data predicated the
location of tue gages as shown in fig. 1.

FATIGUE SAGE LOCATIONS DURING APG
5,000 (+ 1,600) MILE ROAD TEST

=

s

JACES

Figure 1. Chaparral Missile
With Cross-Section View of
Warhead-Motor Tube Interface
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It was postulated thut even though
a fatigue gage could no* be mou:ted on
the radius at the bottom of the clemp
ring grooves, a gage could be mounted
immediately adjacent to the radius and
would be in u« relstively high strain
field if such a fleld existed at the
radius. A correlation could then he
achleved between the resistance changes
incurred during the transpertation tests
and those incurred during fatigue tests
to failure that could be conducted in the
laboratory.

ROAD AND CROSS COUNTRY TESTS

Twelve Chaparral missiles were in-
strumented as follows for the rcad and cross
country tests: Two each FNA-06 fatigue
gages were mounted on the bottoms of the
clamp ring grooves at positions $90° from
the hangers whereby the gages would see
maximum strains either in compression or
in tension. Two each FNA-O2 fatigue gages
were mounted on the outside of the motor
tube-warhead-clamp ring at similar
positions relalive to the hangers as those
on the bottom of the grooves. The backing
on the gages usea on the bottom of the
grooves was trimmed as close as possible
to the grid in order to pernit locating
the gage adjacent to the sherp radius at
bottom of the grooves.

MOTOR JOINT AND CLAMP RING

The Chaparral missiles were then
loaded on the XNM-370 self propelled
launcher with four missiles louled on the
launcher rails and eight missiles loaded
in the storage compartments. The missiles
were changed from storage rack to launcher
rails at periodic intervals during the
test to equalize input vibration loadings
on each missile. The self propelled
launcher completed 5000 miles of road
transportation plus 1600 miles of cross
country transportation at Aberdeen Proving
Ground, Aberdesen Maryland.

LABORATORY TESTS TO FAILURE

The laboratory fatigue tests to
failure were conducted on 5 standard
motor tubes sections and inert warheads
and on 3 modified motor tube sections
and inert warheads. The standard and
modified motor tubes are compared in
figure 2. Tre sharp radius at the base
of the motor tube clamp ring groove has
been removed in the modified tubes.

ST e

No&d

STANDARD

CLAMP RING

RETROFIY

Figure 2. Comparison Between Standard
and Modified Motor Tube Groov:s
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Data acquisition instrumentation for these
test specimens consisted of a strain gage
and an FNA-O6 fatigue gage mounted at the
boctom of the clamp ring groove on each
warhead. These gages were located on the
specimens to respond to the maximum
induced strain. The warhead-motor tube
specimens were mounted in a restraining
bracket and attached via a drive rod and
collar to an electro-dynamic vibration
exciter. This test set-up is shown in
figure 3. Data acquisition and test
monitoring equipment is shown in figure
L. These instruments consisted of: (a)

A force gage,(b) A signal amplifier, (c)
An oscilloscope, (d) A counter for count-
ing loading cycles, and (e) A resistance
reading device.

Figure 4 (Right)

Data Acquisition and

Test Monitoring

Instrumentation

A. Strain uage Signal
Conditioning System

B, Qscilloscope

. Counter

Force Signal Amplifier

Resistance Meter

c
D
E

.
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The test parsmeters consisted of a
sinusoidally varying load of 1000 pounds
peak force applied to the specimen at 30
cycles per second in such a manner as to
introduce a 1500C inch-pound moment at
the warhead-motor tube clamp ring grooves.
This sinusoidal moment loading, corre-
sponding to that induced by an 11.6g pulse,
produced strain levels of t1500 u-in/in
the bottom of the motor tube clemp ring
grooves and £100 to $2C0 u-in/in strains
in the bottom of the warhead clamp ring
grooves. These parameters were applied
until failure occurred in the motor tub<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>